Checkpoints, which are integral to the cellular response to DNA damage, coordinate transient cell cycle arrest and the induced expression of DNA repair genes after genotoxic stress. DNA repair ensures cellular survival and genomic stability, utilizing a multipathway network. Here we report evidence that the two systems, DNA damage checkpoint control and DNA repair, are directly connected by demonstrating that the Rad55 double-strand break repair protein of the recombinational repair pathway is a terminal substrate of DNA damage and replication block checkpoints. Rad55p was specifically phosphorylated in response to DNA damage induced by the alkylating agent methyl methanesulfonate, dependent on an active DNA damage checkpoint. Rad55p modification was also observed after gamma ray and UV radiation. The rapid time course of phosphorylation and the recombination defects identified in checkpoint-deficient cells are consistent with a role of the DNA damage checkpoint in activating recombinational repair. Rad55p phosphorylation possibly affects the balance between different competing DNA repair pathways.
The SOS response in Escherichia coli provides the coordination between DNA damage sensing and the cellular responses to DNA damage (reviewed in reference 22). The primary SOS signal, single-stranded DNA (ssDNA), activates RecA in a ternary complex with ATP as a transcriptional regulator (44) and as a DNA repair protein (reviewed in reference 41) . The transcriptional induction of the SOS regulon leads to increased expression of certain DNA repair genes (including RecA itself) and also elicits transient cell cycle arrest by the expression of sfiA, a cell division inhibitor (22) . The activation of RecA as a repair protein leads to immediate repair of the primary damage that initiated the SOS signal. Although different in mechanism, the DNA damage checkpoints could provide a similar coordination between DNA damage sensing and repair in eukaryotes. First conceptualized as an active cell cycle control system in response to DNA damage in Saccharomyces cerevisiae (29, 89) , DNA damage checkpoints were later shown to control also DNA damage-induced gene expression in this organism (3) . DNA damage checkpoints and DNA repair serve a common purpose to secure survival and genomic stability after DNA damage. Indirect effects of the DNA damage checkpoints on DNA repair have been discussed before (reviewed in references 18, 85, and 87), but a direct coupling of the DNA damage sensing capabilities of the checkpoint system with DNA damage repair pathways has not been identified yet.
The DNA damage checkpoints in eukaryotes relay a signal in response to DNA damage to transiently delay the entry into the S or M phases, to slow down the ongoing DNA replication, or to arrest in meiotic prophase (reviewed in references 29, 62, and 87). They also elicit DNA damage-induced transcription of many genes, including some coding for DNA repair proteins (87, 93) . Moreover, a related DNA replication block checkpoint ensures the dependency of M phase on a completed S phase (reviewed in references 18 and 59). Genetic analysis in S. cerevisiae has identified many components of this regulatory network that control the cell cycle response to DNA damage and/or replication blocks, as well as the DNA damage-regulated gene expression response. These include RAD9, RAD17, RAD24, RAD53, POL2, MEC3, MEC1, and DUN1 (18, 88) (also see Fig. 2A ). RAD9, RAD17, RAD24, and MEC3 function in sensing and/or processing of the initial DNA damage (47) . RAD9 and POL2 (encoding DNA polymerase ε) were identified as G 1 /G 2 and S phase-specific inputs, respectively (57, 58) . These sensing branches transduce a signal to Mec1p kinase, a yeast ATM homologue, which in turn controls all checkpoint responses examined to date (69, 90) . Mec1p controls the activation of Rad53p kinase (19, 69, 77, 83) , which is important in most but not all physiological responses (12, 39) . The transcriptional induction after DNA damage is complex and involves Dun1p kinase for some genes, like RNR1-3 (93), but not for others, like RAD51, DDR48, or UB14 (1, 93) . Dun1p also acts in one pathway with Rad53p to mediate the G 2 /M cell cycle arrest, parallel to a pathway acting through Chk1p kinase and the anaphase inhibitor Pds1p (24, 68) .
The DNA damage and replication block checkpoints have been evolutionarily conserved, including proteins active in signal sensing and/or processing (Rad9p, Rad17p, Rad24p, and Pol2p) and in signal transduction (Mec1p and Rad53p) (17, 18, 88) . The Mec1p kinase, a member of the phosphatidylinositollike kinase family, also has homologues in Schizosaccharomyces pombe (Rad3p), Drosophila melanogaster (Mei41p), and human (ATM and ATR) (5, 30) . Mutations in ATM cause ataxia telangiectasia (AT), a complex human hereditary cancer predisposition syndrome (reviewed in reference 71). Cells from AT patients are highly sensitive to ionizing radiation (IR), a phenotype that is mimicked by the corresponding mutation in the ATM mouse model (71) . It is believed that the radiosensitivity of AT cells is caused by the cell cycle checkpoint defect, although it has been suggested that ATM regulates other processes that control survival after DNA damage (71) .
DNA double-strand breaks (DSBs), the major genotoxic lesions of IR, and DNA damage caused by the alkylating agent methyl methanesulfonate (MMS) induce the checkpoint-dependent cell cycle arrest (62, 89) . In S. cerevisiae, such lesions are preferentially repaired by the evolutionarily conserved RAD52 recombinational repair pathway (reviewed in references 22 and 36). Nonhomologous endjoining (NHEJ) and break-induced replication (BIR) have been identified as alternative pathways (reviewed in references 36 and 61). Three recombinational repair proteins, Rad51p, Rad55p, and Rad57p, exhibit homology to each other and to the paradigmatic bacterial RecA protein (36) . Rad51p forms a protein-DNA filament highly similar to that formed by RecA (60) and is active in homology search and strand exchange in vitro (78) . Thus, Rad51p performs a central function in the recombinational repair process that may be equivalent to that of RecA in prokaryotes (reviewed in reference 4). However, Rad51p has no regulatory role in the DNA damage checkpoint system like RecA has in the SOS response (3; this study).
RAD55 and RAD57 mutants exhibit essentially identical deficiencies in DNA damage repair, recombination, and meiosis, suggesting that the two proteins have highly similar functions (reviewed in references 23 and 64). In particular, both proteins are essential for DNA damage-induced recombination and important for meiotic recombination but are not required for spontaneous mitotic recombination (23, 46) . Both gene deletions are cold sensitive for their DNA repair-related phenotypes, which suggests that Rad55 and Rad57 proteins are involved in a higher-order protein structure acting in DNA repair (23, 46) . Such a complex is likely to involve Rad51p, which was found to interact with Rad55p (31, 34) . Consistent with this model, Rad55p and Rad57p were shown to form a stable heterodimeric complex which stimulates Rad51p-mediated recombination in vitro by overcoming the inhibitory effect of the ssDNA binding protein Rpa on the formation of the critical Rad51p-ssDNA filament (79) .
To determine whether a direct connection exists between a DNA repair pathway and the DNA damage checkpoints, we examined proteins of the RAD52 recombinational repair pathway for DNA damage-and replication block-induced phosphorylation. We observed that Rad55p was phosphorylated in response to DNA damage, dependent on the checkpoint kinases Mec1p, Rad53p, and Dun1p. Analysis of the checkpointcontrolled cell cycle and gene expression responses suggests that Rad55p is a terminal substrate of the DNA damage and replication block checkpoints. Based on our observation that checkpoint deficiency results in a major defect in DNA damage-induced recombination, we propose that the phosphorylation of Rad55p is biologically significant in the activation of recombinational repair in response to DNA damage.
MATERIALS AND METHODS
Strains and plasmids. The strains used in this study and their relevant genotype are described in Table 1 . Full genotypes are available upon request. All experiments have been performed using isogenic strains, except for some experiments (see Fig. 2, 4 , and 5), in which the strains were highly related. The null mutations constructed for this study were generated by PCR-mediated deletion and/or substitution of essentially the entire open reading frames by KanMX (84) using appropriate primers.
Antibodies, immunoprecipitations, and metabolic labeling. Purification of Rad51p, Rad52p, Rad54p, Rad55p, and Rad57p as His 6 fusion proteins after overexpression in the pT7 system, antibody production in rabbits and rats, and affinity purification of antibodies were done as described for Hrs1p (70) . For immunoprecipitations 10 to 15 mg of protein extract was incubated with rabbit antibodies in 50 mM Tris-HCl (pH 7.5)-100 mM NaCl-0.1 mM phenylmethylsulfonyl fluoride-0.2% Triton X-100 for 2 to 3 h at 4°C. Immune complexes were -arrested cells were obtained by addition of ␣ factor to 50 ng/ml for 2 h at 30°C, resulting in quantitative arrest as evidenced by the accumulation of Ͼ95% of the population as unbudded cells. In the ␣-factor the experiment shown in Fig. 4 , arrested cells were washed twice and resuspended in prewarmed medium containing pronase (0.02 mg/ml). Fluorescence-activated cell sorter (FACS) analysis was performed with propidium iodide-stained cells as described (56) , using a Becton Dickinson FACS Calibur and CELLQUEST software. G 2 -arrested cells were obtained by treatment with nocodazole (15 g/ml) for 2 h at 24°C, resulting in quantitative arrest as evidenced by the accumulation of 95% of the population as large budded cells. The presence of the G 2 DNA damage checkpoint-induced cell cycle arrest was monitored essentially as described (89, 90) . Cells were irradiated on plates with 20 Gy of IR, and arrest was monitored microscopically after 20 to 24 h. Survival was assessed by counting the colonies after 4 days.
Recombination experiments. All recombination experiments were performed at room temperature because of the temperature sensitivity of mec1 cells. For the experiment shown in Fig. 4 , strains P7BAB and NR110AB (leu2 hetero-alleles) were grown to late exponential or early stationary phase by incubation in yeast extract-peptone-dextrose (YPD) for one day and the frequency of recombinants was determined without and with exposure to 0.5% MMS as described (65) . Microscopic examination was used to determine that cells resumed budding 4 h after plating. Colonies were counted after 7 days of incubation. An additional experiment (see Fig. 5 ) was performed with strains P7BAB and WDHY1558 (leu2 and his4 hetero-alleles), which were grown deeper into stationary phase by incubation in YPD for 3 days. The cultures were treated with MMS as described above, and at each MMS dose one aliquot of the culture was withdrawn and held in stationary phase for an additional 6 h by incubation in exhausted medium of the original culture, whereas another aliquot was plated directly. Colonies were counted after 7 days of incubation. Microscopic examination confirmed that cells were in stationary phase (Ͼ98% unbudded) and determined that cells resumed budding about 10 h after plating in the presence of the artificial arrest and after 4 h in its absence.
RESULTS
Rad55p is phosphorylated in response to DNA damage and to replication blocks. To monitor if recombinational repair proteins of the RAD52 group were targets of the DNA damage checkpoint kinases, we analyzed these proteins after DNA damage induction to identify potential electrophoretic shifts that may have been caused by phosphorylation. The status of the S. cerevisiae Rad55 protein in response to DNA damage was analyzed by immunoprecipitation and immunoblotting because the expression of this protein is very low (79) and does not permit detection of the protein by direct immunoblotting of cell extract.
A slower migrating form of Rad55p appeared in a timedependent manner after induction of DNA damage by MMS. Modified Rad55p was essentially undetectable in wild-type cells that were not genotoxically stressed, whereas an almost quantitative shift to the modified form occurred after 120 min of treatment with MMS (Fig. 1A) . Modified Rad55p was detectable at 15 min (Fig. 1A) , and additional time course experiments showed that the first evidence of modified Rad55p was as early as 5 to 10 min after the addition of MMS (data not shown). When replication was blocked by hydroxyurea (HU), an inhibitor of ribonucleotide reductase, modified Rad55p also appeared in a time-dependent fashion (Fig. 1B) . In all experiments performed ( Fig. 1B ; also see Fig. 3D and data not shown), MMS produced a more pronounced mobility shift of Rad55p than HU. A similar observation has been made for the DNA damage-and replication block-induced phosphorylation of Rad53p (69) . A strong electrophoretic shift of Rad55p was also identified in response to other DNA-damaging agents, UV and gamma rays (Fig. 1C ).
To determine whether the electrophoretic mobility shift was a result of phosphorylation, Rad55p was immunoprecipitated from MMS-exposed cells and treated with phosphatase. Treatment with phosphatase almost quantitatively reversed the mo- bility shift (Fig. 1D) . Thus, Rad55p is likely to be posttranslationally modified by phosphorylation in response to DNA damage. This conclusion was corroborated by metabolic labeling of cells with 32 P. Rad55p was specifically labeled by 32 P during exposure to MMS, whereas in the absence of genotoxic stress, Rad55p was not detectably labeled (Fig. 1E) . Close inspection of the blots revealed the appearance of multiple, phosphorylated Rad55p species, suggesting that Rad55p is phosphorylated at more than one amino acid residue (not shown because this subtle feature is lost in reproduction). From these experiments we conclude that Rad55p is phosphorylated in response to replication blocks induced by HU and in response to DNA damage induced by a variety of genotoxic agents.
Rad55p phosphorylation is dependent on checkpoint functions. The DNA damage checkpoints monitor the genome and use a protein kinase cascade to mediate transient cell cycle arrest and induction of certain gene products in response to DNA damage (Fig. 2A) . The Rad55p status was analyzed by immunoprecipitation and immunoblotting in strains with mutations in known checkpoint genes after inducing DNA damage with MMS. Rad55p phosphorylation depended entirely on the central signal transducing kinase Mec1p (Fig. 2B) . A small but reproducible amount of residual phosphorylation was detected in rad53 cells. Rad55p phosphorylation was also dependent on Dun1p kinase, but to a lesser extent than observed with Rad53p or Mec1p (Fig. 2B) . The TEL1 mutation did not affect Rad55p phosphorylation (Fig. 2B) . This is consistent with earlier observations on the role of Tel1p in DNA damage checkpoint control (69) . Also, a deletion of the CHK1 gene had no effect on Rad55p phosphorylation (E. Haghnazari and W.-D. Heyer, unpublished result). From these experiments we conclude that DNA damage-induced phosphorylation of Rad55p is dependent on the central checkpoint signal transduction kinases, Mec1p, Rad53p, and Dun1p.
Lesser but significant reduction of Rad55p phosphorylation was observed consistently in rad17, rad24, and mec3 mutants, whereas the deletion of RAD9 and the pol2-12 mutation caused no appreciable reduction (Fig. 2B) . These experiments were performed with cycling cultures containing G 1 , S, and G 2 cells. The existence of different DNA damage-sensing and/or -processing branches in the G 1 /G 2 phases and in S phase (18) may explain the reduced dependence of phosphorylation on these proteins (see below).
Parallel sensory branches defined by rad9 and pol2-12 (DNA polymerase ε) control the cell cycle and transcriptional response after UV damage (57) . Using the rad9 pol2-12 double mutant (kindly supplied by S. J. Elledge), we established that in response to MMS, Rad55p phosphorylation occurred independent of both sensory branches in cycling cells (Fig. 2B) . This observation was confirmed in several experiments conducted at the permissive and restrictive temperatures (data not shown). This result may point to the possible existence of an additional sensing branch for Rad55p phosphorylation in response to MMS.
Rad55p phosphorylation in response to DNA damage during the cell cycle. MMS treatment of cycling cells results in a slowed progression through S phase which is dependent on MEC1, RAD53, RAD9, RAD17, and RAD24 (62, 63) and leads to transient G 2 /M arrest (18) . In case Rad55p is phosphorylated at any stage during a normal cell cycle, phosphorylation of Rad55p after DNA damage may be an indirect consequence of a transient cell cycle arrest. To determine if Rad55p is phosphorylated at any stage during the cell cycle in the absence of DNA damage, we analyzed the Rad55p status in a cell cycle-synchronized cell population ( Fig. 3A and B ). Cells were synchronized by the release from an ␣-factor-induced arrest in G 1 . Progress through the cell cycle was monitored by FACS analysis (Fig. 3A) and microscopic analysis counting budded cells (not shown), demonstrating a homogeneous arrest induced by the ␣-factor treatment (time, 0 min) and relatively synchronous movement through two cell cycles. At the same time intervals, the Rad55p phosphorylation status was analyzed. The results showed that Rad55p was not detectably phosphorylated in the absence of exogenously induced DNA damage at any time during the cell cycle (Fig. 3B) . In particular, at the 30-and 90-min time points, when a substantial portion of the cells were in S phase, no modified Rad55p was detected. These results suggest that Rad55p is specifically phosphorylated in response to DNA damage and replication blocks imposed by HU.
While (Fig. 3C) . Thus, we conclude that Rad55p phosphorylation can occur in the G 1 and G 2 phases of the cell cycle.
In asynchronous wild-type cells Rad55p phosphorylation was found to be independent of RAD9 and only partially dependent on RAD17 (Fig. 2B) . However, experiments in G 2 -arrested cells demonstrated that Rad55p phosphorylation in response to DNA damage is completely dependent on RAD9 and RAD17 (Fig. 3D) . Thus, DNA damage-induced Rad55p phosphorylation is controlled by Rad9p and Rad17p in the G 2 phase of the cell cycle.
Intact checkpoint-induced cell cycle arrest and transcriptional induction in rad55⌬. To determine if Rad55p could act as an additional transducer of the signal in the pathway or, alternatively, if Rad55p is a terminal substrate of the signaling pathway, we analyzed other checkpoint-controlled responses to DNA damage in RAD55 mutant cells. The G 2 DNA damage-induced cell cycle arrest is also operative in rad55⌬, rad57⌬, and rad51⌬ cells (Table 2) . A combined assay of microscopic examination and survival after X-ray exposure of cells expresses the ratio of arrest to lethality as a convenient measure for the function of G 2 DNA damage checkpoint (89, 90) . As shown in Table 2 , the ratio for the wild type approaches 1 (ratio, 0.86), whereas a classical checkpoint mutant (rad9) gives a significantly lower value (ratio, 0.13), consistent with earlier observations (89, 90) . The ratios for rad55, rad57, and rad51 cells were very close to, and not significantly different from, the wild-type values (Table 2) . Thus, the G 2 cell cycle arrest in response to DNA damage is operative in rad55, rad57, and rad51 cells. Although Rad51p is a eukaryotic RecA homologue with respect to its function in the recombination mechanism (4), these data suggest that Rad51p has no apparent regulatory role in the DNA damage checkpoints that would be equivalent to the regulatory function of RecA in the SOS response. In addition, rad55 was found earlier to be proficient for the replication block checkpoint (3).
We also monitored whether DNA damage-induced gene expression is operative in rad55⌬ cells. Cells were exposed to MMS, and the steady-state levels of specific RNAs were analyzed. The DNA damage-inducible RNR2 and RAD54 mRNAs showed induction after addition of MMS in wild-type cells (3.7-and 9.3-fold compared to an actin standard, respectively; data not shown), which is consistent with earlier observations (1, 3) . Likewise, rad55⌬ and rad57⌬ cells exhibited a similar extent of DNA damage-induced mRNA levels (3.2-and 2.9-fold induction for RNR2 and 6.6-and 7.3-fold induction for RAD54, respectively; data not shown). Thus, in rad55⌬ and rad57⌬ cells, the major checkpoint functions of cell cycle arrest and induced gene expression are intact. Therefore, neither Rad55p nor Rad57p has an apparent function in these checkpoint-controlled physiological responses. (18, 24, 68) . DNA damage in G 1 and G 2 cells is sensed and/or processed by Rad9p, Rad17p, Rad24p, and Mec3p. Replication blocks are sensed by the DNA polymerase ε (Pol2p) (57) . Both branches feed into the Mec1p kinase, which controls activation of the Rad53p kinase (69, 76) . Rad53p controls some but not all checkpoint responses (12) and leads to the activation of the Dun1p kinase (93) . Dun1p kinase is involved in the activation of some DNA damage-inducible genes (93) and, in one pathway with Rad53p, in G 2 /M cell cycle arrest parallel to a pathway acting through Chk1p kinase and Pds1p (24, 68) . As shown here, Dun1p kinase is required for full phosphorylation of Rad55p in response to DNA damage (labeled DNA repair). (B) Rad55p phosphorylation in cycling cells depends on some but not all DNA damage checkpoint functions. Cells (0 or 90 min in 0.1% MMS at 24°C) were analyzed as described in the legend to Fig. 1 ; wild-type (TWY12; lanes 1 and 2), mec1-1 (TWY308; lanes 3 and 4), rad53 (TWY312; lanes 5 and 6), mec3-1 (TWY316; lanes 7 and 8), rad24-1 (TWY399; lanes 9 and 10), wild-type (Y300; lanes 11, 12, 15, 16, 21, and 22), dun1-⌬100 (Y286; lanes 13 and 14), tel1⌬ (WDHY1227; lanes 17 and 18), rad17⌬ (WDHY1234; lanes 19 and 20), rad9 (Y438; lanes 23 and 24), pol2-12 (Y439; lanes 25 and 26), and rad9 pol2-12 (Y440; lanes 27 and 28). The wild-type control is shown for each individual experiment. Bars refer to the different forms of Rad55p. mec1 cells are defective in DNA damage-induced mitotic recombination. If Rad55p were a terminal substrate of the DNA damage checkpoints, we speculated that the recombinational repair pathway might be regulated by the checkpoint system, in particular under conditions of genotoxic stress. Homologous recombination in mitotic cells is strongly induced by genotoxic stress caused by DSBs (26) or DNA damage-inducing agents like UV radiation, IR, and MMS (22, 75) . As DNA damage-induced Rad55p phosphorylation was eliminated in mec1 cells, we examined if mec1 cells were defective in DNA damage-induced mitotic recombination.
DNA damage-induced intragenic recombination was analyzed in stationary-phase diploid cells. Under these conditions, cells have a G 1 -equivalent DNA content and recombinational repair using the homolog as a template is the repair pathway preferred over the alternative pathways like NHEJ and BIR 3 and 7) . The Rad55p status was analyzed as described in the legend to Fig. 1 . As a control, cycling wild-type cells were analyzed before (lanes 1 and 5) and after (lanes 2 and 6) MMS exposure. Asynchr., asynchronous. (D) Rad55p phosphorylation in G 2 -arrested cells is fully dependent on RAD9 or RAD17. The Rad55p status was analyzed as in panel A in rad9⌬ cells (FF181270) left asynchronous (Asynchr.) (lanes 1 and 2) or arrested in G 2 by nocodazole (lanes 3 and 4) and in rad17⌬ cells (WDHY1236) left asynchronous (lanes 5 and 6) or arrested in G 2 by nocodazole (lanes 7 and 8) after treatment with 0.1% MMS (lanes 2, 4, 6, and 8) or without MMS (lanes 1, 3, 5, and 7). Bars refer to the different forms of Rad55p. (61) . First, we established the survival curve after acute exposure to MMS (Fig. 4A) . mec1 cells were highly sensitive to acute exposure, consistent with previous observations made with chronic exposure to MMS (37, 90) . In the same experiment, we measured the frequency of Leu ϩ intragenic recombinants between the leu2-1 and leu2-27 alleles (Fig. 4B) . The spontaneous recombination frequencies per viable cell were 3.5 ϫ 10 Ϫ6 in the wild type and 7.8 ϫ 10 Ϫ7 in mec1, an approximately fivefold reduction in the checkpoint mutant (Fig. 4B) . When the recombination data are replotted to analyze the recombinants induced by genotoxic stress (Fig. 4C) , a defect in DNA damage-induced recombination is apparent in mec1 cells. For example, at the same MMS dose (10-min exposure to 0.5% MMS), recombination was almost eightfold less induced in mec1 than in wild-type cells (2.3-versus 18.2-fold induction) (Fig. 4C) . At this dose the survival of mec1 cells is drastically lower than that of wild-type cells (26.7 versus 106%) (Fig. 4A) . The experiment was extended over a larger survival range, to allow plotting the induction of recombinants with respect to survival (Fig. 4D) . This may be a physiologically more relevant analysis. At comparable levels of survival (wild type, 68%; mec1, 64%) (arrows in Fig. 4D ), wild-type cells induced recombination 150-fold, whereas mec1 cells induced recombination only 1.7-fold (Fig. 4D) . This represents an 88-fold reduction for mec1. These results suggest that Mec1p kinase modulates the activity of the recombinational repair pathway.
In order to corroborate this observation and to exclude a locus-specific effect at LEU2, we analyzed DNA damage-induced recombination also at another locus (his4-4 and his4-290 hetero-alleles) (Fig. 5B and C) . At the same MMS dose (30 min), the wild type induced recombination at HIS4 eight times more than the mec1 strain (32-versus 4-fold induction). At comparable survival (wild-type, 66%; mec1, 64%), the effect was even more pronounced (32-fold difference) (arrows in Fig.  5A and C) . In addition, in this experiment LEU2 was also monitored, showing again the defect in DNA damage-induced recombination in mec1 cells (data not shown) observed previously (Fig. 4) . Thus, these data confirmed the observation that (Table 1) used were: FF18984 (wild-type), WDHY1020 (rad9⌬), WDHY994 (rad51⌬), WDHY837 (rad55⌬), and WDHY839 (rad57⌬). The presence of the G 2 DNA damage checkpoint-induced cell cycle arrest was monitored as described in Materials and Methods using an established assay (89, 90) . The ratio of percent arrested cells (microcolonies with either a large-budded cell or with two adjacent large-budded cells) to the percent of inviable cells provides a metric of the efficiency of cell cycle arrest. For wild-type cells this metric approaches 1.0 because essentially all cells with unrepairable DNA breaks die in the G 2 phase; haploid cells in the G 1 or postanaphase stages when irradiated cannot repair the DNA DSBs, arrest in the next G 2 phase, and die as large-budded and two adjacent large-budded cells, respectively. Wild-type cells that can repair DSBs (S and G 2 phase cells) form large microcolonies that are not counted. In contrast, checkpoint mutants cells that die after irradiation do not usually arrest immediately; rather, they continue to divide for a few generations. Therefore, in checkpoint mutants, the ratio of arrested cells to inviable cells is ϽϽ1.0 and typically is Ͻ0.3 (see reference 90). mec1 cells are defective in DNA damage-induced recombination.
In response to DNA damage, the checkpoint induces a transient delay at the G 1 /S border of the cell cycle which is believed to help prevent the replication of damaged DNA (73, 74) . To exclude the possibility that the observed defect in DNA damage-induced recombination of mec1 cells was due to a failure of establishing this G 1 /S delay, we analyzed the times at which cells resumed S phase after plating. In S. cerevisiae, bud appearance signals the onset of S phase (43) , an event that can be easily observed with a light microscope. The earliest buds were formed 4 h after plating, indicating that cells remained with a G 1 -like DNA content for at least this time. A DSB repair event has been shown to last about 1 h in cycling or G 1 -arrested S. cerevisiae cells (14, 61) , leaving the cell ample time for repair. To ascertain this conclusion, cultures were artificially held in arrest for an additional 6 h after exposure to MMS. The earliest buds, signaling the exit from arrest, were seen after 10 h (data not shown). In wild-type and mec1 cells, the artificial arrest showed no significant consequence in survival or in the frequencies of spontaneous and DNA damage-induced recombination at the HIS4 locus (Fig. 5) . Concomitant recombination analysis at the LEU2 locus also showed no difference between arrested and nonarrested cells for DNA damage-induced recombination (data not shown). We conclude that the defect in DNA damage-induced recombination in stationaryphase mec1 cells is not due to the failed cell cycle arrest at the G 1 /S border.
DISCUSSION
Rad55p is a terminal substrate of the DNA damage checkpoints. Rad55p is phosphorylated specifically in response to DNA damage and replication blocks in a time-dependent manner that is genetically controlled by the DNA damage checkpoints ( Fig. 1 to 3) . The available evidence strongly suggests that Rad55p is a terminal substrate of the DNA damage checkpoints, as the other responses of the DNA damage checkpoints, cell cycle arrest (Table 2 ) and DNA damage-induced gene expression, were unaffected in RAD55 mutants. It was previously shown that Rad55p and Rad57p have no role in the S phase checkpoint (3). Here we show that also the G 2 /M arrest in response to DNA damage is intact in both mutants.
Although not all possible cell cycle effects and all DNA damage-inducible genes have been tested, it seems unlikely that Rad55p exerts an active role in the checkpoint system other than being a terminal substrate. The direct kinase(s) responsible for DNA damage-induced Rad55p phosphorylation is not known.
Other substrates of DNA damage checkpoint kinases, Rpa (8) and primase (32, 49) , with possible roles in DNA repair have been identified in budding yeast, but it is unclear whether these are terminal substrates of the pathway (45, 49) . In higher eukaryotes, Rad51 protein was found to be phosphorylated by c-Abl in vitro and possibly in vivo in response to IR (10, 92) . It was proposed that phosphorylation inhibits the DNA repair function of Rad51p (92) , but another study (10) reached a different conclusion. The biological significance of these DNA damage-induced phosphorylation events is unclear (reviewed in reference 85).
Possible biological significance of Rad55p phosphorylation: checkpoint modulation of the activity of recombinational DNA damage repair. Several considerations suggest that Rad55p phosphorylation activates the recombinational repair pathway, but the possibility that it represents an inhibitory or coincidental effect cannot be ruled out presently. Teleologically, DNA damage, like MMS or IR, should activate rather than inhibit recombinational repair, because this pathway represents the primary repair mode of such damage in S. cerevisiae (22, 23) . The kinetics of Rad55p phosphorylation in response to DNA damage (less than 15 min) is fast compared to the kinetics of recombinational repair (at least 60 min [14, 26] ), which is consistent with an activating role. Moreover, we presented experimental evidence that Mec1p is involved in the activation of recombinational repair in response to DNA damage by directly measuring the biological activity of the recombinational repair pathway in the formation of intragenic recombinants. This observation is consistent with the phenotypes of ATM-deficient chicken DT40 cells, which also suggested a positive role of ATM in the homologous recombination pathway (54, 80) . Although at present we cannot exclude the possibility that DNA damage checkpoints have other terminal substrates in the recombinational repair pathway, we suggest that this effect is at least partly mediated by phosphorylation of Rad55p. No evidence for DNA damage-induced phosphorylation was found for other proteins of the RAD52 group (Rad51p, Rad52p, Rad54p, Rad57p [V.I.B. and W.-D.H., unpublished results]), but the absence of an electrophoretic shift does not allow one to rule out this possibility, because not all phosphorylation results in a detectable shift.
Possible effects of DNA damage checkpoints on cellular DNA repair capacity have been discussed before (18, 47, 85, 88) , including the checkpoint-controlled relocalization of Ku and SIR proteins in response to some forms of DNA damage (50, 52) . Here, we suggest a different mechanism of how the checkpoints could possibly modulate the activity of a major DNA repair pathway by posttranslational modification of the recombinational repair protein Rad55. Rad55p is uniquely positioned to serve as a modulator of this pathway, as it forms a heterodimer with Rad57p that modulates in vitro a very early phase of recombinational repair in the assembly of the Rad51p-ssDNA filament (79) , which is a crucial early intermediate in recombinational repair (4) . According to our model, checkpoint deficiency sensitizes cells to DNA damage and replication blocks not only by failing to arrest the cell cycle and failure to induce important proteins but also by a failure to activate and/or optimally recruit the DNA damage repair machinery to the site of damage. Such an interpretation is supported by the failure to fully suppress the DNA damage sensitivity in S. cerevisiae rad9 (89) , rad53 (3), and mec1 mutants (this study) as well as the checkpoint rad mutants in S. pombe (2, 67) by an artificial cell cycle arrest. Also in ATM-deficient cells, evidence for cell cycle arrestindependent radiosensitivity (15, 72, 86) has been accumulated (for recent reviews, references 33 and 71) . This has been reaffirmed by the epistasis analysis in chicken DT40 cells, suggesting that ATM acts in the homologous repair pathway (54) . Cell cycle arrest defect and DNA damage sensitivity are also dissociated in chk1 mutants, which are defective for the DNA damage-induced G 2 /M arrest but do not exhibit DNA damage sensitivity (68) . This suggests that mechanisms other than cell cycle arrest contribute to the increased sensitivity observed in these mutants. One possibility is that this contribution is provided by the induced expression of DNA repair genes (3, 18) . RAD54 is one of the most important DSB repair genes and its transcription is induced by DNA damage (13, 23) . Ablation of DNA damage-inducible transcription by promoter mutations that retained a low constitutive level did not result in DNA damage sensitivity (13) . Thus, it appears that DNA damageinduced transcription of RAD54 makes only a subtle contribution to DNA damage survival. It is also interesting in this context that none of the recombinational repair genes of mammalian cells show DNA damage-induced transcription (36) .
Recombination defect in mec1 cells. In this study we identified a significant reduction in DNA damage-induced intragenic recombination in G 1 -arrested mec1 cells (Fig. 4 and 5) . In wild-type and likely in mec1 cells, intragenic recombinants arise by gene conversion (Fig. 6) . We chose G 1 -arrested cells to study the competition between recombinational repair and alternative pathways (Fig. 6) . In cycling or G 2 cells the situation is much more complex and potentially difficult to interpret, as partner choice during repair becomes an additional parameter. In G 2 -arrested cells, recombinational repair uses the sister chromatid as a template preferentially over the homologue (35) . Importantly, it is conceivable that the DNA damage checkpoints are involved in this partner choice, because two independent observations suggest that checkpoints control partner choice during meiotic recombination (25, 81) . In G 1 cells, this complication is eliminated because only the homolog is present as a template.
The recombination defect in mec1 cells is complex. Kato and Ogawa (37) discovered MEC1 as the meiotic recombinationdefective mutant esr1-1. In mitotic mec1 (esr1-1) cells, intergenic recombination was significantly increased (37) . In wildtype cells, intergenic recombinants arise by crossing over. However, crossing over can be mimicked by BIR (Fig. 6) , an alternative DNA repair pathway identified in cells deficient for recombinational repair (48) . We found that spontaneous intragenic recombination (conversion) is reduced in vegetative mec1 cells (Fig. 4 and 5) , in contrast to Kato and Ogawa (37) who found no reduction in mec1. This can be explained by a difference in protocol, as in the previous study (37) the mitotic frequency was determined as the 0-h time point of a meiotic time course, at which point some meiotic induction might have occurred (40) . However, this explanation appears inadequate to explain the full extent of the up to 59-fold hyperrecombination effect in apparent crossing-over (37) . Importantly, the data suggest that different pathways are operative to generate intragenic and intergenic recombinants in mitotic cells which are differently affected by the defect in mec1 cells.
Rad55p acts in the recombinational pathway with Rad51p, and neither protein is involved in the alternative pathways of repair of chromosomal DSBs, NHEJ, and BIR (48, 61) (Fig. 6 ). Rad51p and Rad55p, however, play a role in one pathway of telomere maintenance in the absence of the telomerase RNA that has been interpreted as occurring by a BIR-type mechanism (42) . The recombination defects of the RAD51 mutant resemble that of the MEC1 mutant in several respects. rad51 cells demonstrate a hyporecombination phenotype (with regard to conversion and crossing-over), and intragenic mitotic recombination (conversion) is also severely reduced (64) . As in mec1 cells, intergenic mitotic recombination is not reduced but rather elevated (48; J.S.-M. and W.-D.H., unpublished results). This increase in rad51 of apparent crossing-over is most likely due to BIR, which becomes the repair pathway of choice in the absence of recombinational repair (48) . The genetic outcome of BIR is equivalent to mitotic, intergenic recombination (Fig.  6 ), when analyzing a single recombinant chromosome, as done with mec1 (37) . Thus, a defect in the Rad51p (Rad55p) pathway, like a defect in MEC1, results in reduced gene conversion but elevated apparent crossing over by shifting the balance from normal recombinational repair in wild-type cells (conversion with low crossing over association) to BIR in mutant cells. This is consistent with our hypothesis that MEC1 modulates the activity of the Rad51p (Rad55p) pathway. This framework of checkpoint control of repair pathway competition and possibly repair template choice can also help rationalize the disparate recombination defects previously observed in checkpoint mutants (20, 21, 82) .
The mec1 recombination phenotype observed in G 1 -arrested cells in this study is unlikely a result of the defect causing delay FIG. 6 . Model of checkpoint regulation of pathway competition in DNA repair. In wild-type cells, several pathways compete for the repair of DNA damage like a DSB (36, 61) . In S. cerevisiae, the damage is preferentially repaired by recombinational repair, resulting primarily in gene conversions which are rarely (0 to 20%) associated with a crossing over (for a detailed discussion see reference 61 and references therein). This avoidance of crossing over may be related to the frequent nondisjunction observed for mitotic crossing-over products (11) . Under genotoxic stress, Rad55p is essential for the recombinational repair pathway (36, 61) . A defect in the checkpoint (mec1) fails to phosphorylate Rad55p in response to DNA damage, which we hypothesize will lead to decreased efficiency in Rad51p filament formation (see reference 79) and a less efficient recombinational repair pathway. Under these conditions, other pathways will contribute more noticeably. BIR results in a genetic outcome that resembles a crossing-over (7, 48, 55, 61) . NHEJ will not lead to recombinants (36, 53, 61) . Depicted is a diploid cell in G 1 with two homologues carrying three heterozygous markers (aA/bB/cC).
the cell cycle at the G 1 /S border in these cells (73, 74) . First, microscopic observation showed that the cells did not resume budding for much longer times (4 h) than it takes recombination to repair DNA (1 h) (14) . The caveat is that we cannot measure directly the progress of DNA repair of DNA damage caused by MMS. Therefore, we artificially arrested cells in G 1 for an additional 6 h, preventing S phase for about 10 h after induction of DNA damage (Fig. 5) . The results showed nearidentical survival and damage-induced recombination in the absence and presence of the artificial arrest, strongly suggesting that the recombination and survival defects of G 1 -arrested mec1 cells are cell cycle arrest independent.
Our hypothesis that checkpoints modulate recombinational repair activity may also provide an interpretation for some enigmatic aspects of the cellular defects of MEC1-, mei-41-, and ATM-deficient cells. mec1 and mei-41 are meiotic recombination mutants, and ATM Ϫ/Ϫ mice show meiotic failure and abnormal chromosome synapsis in meiotic prophase I, but the underlying molecular defects are not understood (27, 30, 37, 91) . Meiotic recombination in S. cerevisiae is induced by transient meiosis-specific DSBs delivered by Spo11 protein (6, 38) , and the existence of Spo11p homologues in other organisms suggests that this will be a general aspect of meiotic recombination (6, 16, 51) . Thus, meiotic recombination resembles DNA damage-induced recombination in mitotic cells. The meiotic recombination defects in mei-41 (30) and mec1 (37) are consistent with a reduced efficiency of the homologous recombination pathway. The reduced number and irregular morphology of recombination nodules in mei-41 oocytes (9) may be interpreted as a lower probability of forming the highly structured recombination protein assemblies because of the failure to optimally recruit Rad55p-like and possibly other proteins as a result of the checkpoint defect. In meiotic recombination, interhomologue interactions are strongly favored over intersister interactions (40, 66) , which involves the DNA damage checkpoint (25, 81) . A reduction in interhomologue interactions helps explain a meiotic recombination defect (25, 81) , and we speculate that partner choice may be enforced by the checkpoint through phosphorylation of critical components of the meiotic recombination pathway.
